Theoretical and practical evaluation of a naturally-ventilated double skin façade has been undertaken. The study has shown that the double skin façade (DSF) system is capable of supplying adequate ventilation to various levels with little or no additional heating during winter thus saving the bulk percentage of the heating load on the building. However there was an element of overheating in the DSF which may have contributed to an additional cooling load on the building. Even though the operational strategy of mixing return air with trapped air in the cavity helped to minimise the overheating effect, there was still some considerable level of temperature increase in the DSF. Effective thermal management control strategies and systems are therefore encouraged in the design and operation of DSFs. 
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Introduction
Within the framework of modern building design concepts, double skin façades (DSFs) have emerged as one of the potential energy saving design features being promoted around the world. For instance recent rapid economic development in China has seen a rising number of new commercial buildings with DSFs especially in the hot-summer and coldwinter regions such as Shanghai and Hangzhou [1] . DSF systems normally consist of internal walls and additional external walls with air cavity between the inner and outer skins. As compared with conventional facade systems, DSFs are credited with providing significant reduction in energy consumption, providing for natural ventilation even in skyscrapers, controlling valuable noise reduction from outside and helping to adjust indoor climates in both new and some existing buildings [2] [3] [4] . DSFs have also the benefit of creating a visually transparent architecture that is impossible with conventional curtain wall facades with similar properties.
Even though these studies support the energy efficiency potential of DSFs, there is an issue relating to overheating during warm periods which tend to create additional cooling load in buildings through solar heat gains on the façades especially at higher floor levels [5] [6] [7] [8] [9] .
In some DSF cases shading devices such as mid-pane blinds and internal blinds are being used in providing solar shading but they are believed to contribute to additional heat source linked with complex long wave radiation exchange, increased air temperature and buoyancy effect in the cavities [10] . These interrelated parameters are all part of the difficulties facing thermal management of DSFs. Other dynamic factors such as air flow rate, variable convective surface film and radiation heat transfer coefficients and transmission of solar radiation also make modelling and simulation of DSFs difficult.
Meanwhile a number of studies [11] [12] [13] [14] have been undertaken and reported about flow visualization and thermal performance of DSFs but there is still inadequate research information about their true effectiveness during cold, hot and humid seasons. In order to gain more understanding and to acquire reliable data for future design and simulation exercises, the current study evaluates the airflow and thermal performance behaviour of a DSF building located in a hot and cold region.
The DSF Building
The building under evaluation is located at Ningbo China which has a subtropical climate, featuring mild temperatures, moderate to high humidity and distinct seasons. The hottest month is normally July, where temperatures could reach about 39 ˚C whereas the coldest month is January, with temperature around about -5 ˚C at night. The building incorporates a double skin façade south facing wall which tilts forward from both the top and the base of the wall. The tilted surface helps to deflect most of the solar radiation and thus reduce solar transmission through the façade during summer period. During winter period the opening at the top of the DSF is closed to allow fresh air to enter the building through openings in the base of the inner glass façade. The return air supply is evacuated through the top opening in the light-well as shown in Fig. 1a . In summer, the DSF serves as a thermal buffer for reducing heat gain into the building and for removing the extract ventilation from the building as shown in Fig. 1b .
3.0

Mathematical modelling
FLUENT software [15] was used to simulate the airflow and temperature distribution in the cavity of the DSF. Normally this requires the geometric space to be divided into a finite volume grid. By default grid regions are spaced uniformly using a system that is calculated to be as close as possible to the user-defined default grid spacing. However, very narrow regions resulting in long, narrow grid cells or cells having a high aspect ratio need to be avoided since they tend to result in unstable solutions that can fail to converge. Large numbers of key coordinates can also lead to overly complex grids and correspondingly high calculation run times and excessive memory usage. Therefore for the benefit of saving computational resources and calculation time as well as minimizing errors, an initial grid size of 0.5 mm was varied in steps to a maximum size of 2 mm (i.e. about 1.5 times the initial mesh size) until the solution became independent of the mesh resolution. The mesh volumes were solved to a residual of less than the default criterion of 10 -3 (<10 -3 ) and that of energy to a residual less than 10 -6 (<10 -6 ). The model was also simplified to a two dimensional section of the building.
Generalized Transport Equations
The Boussinesq approximation (Eq.1) was used to solve the buoyancy-driven air flows and natural convection. For the turbulence model, the Standard k-epsilon (k-ε) model [16] was applied since it is one of the most frequently used models in fluid dynamics and also the most common turbulence model for fluid flow simulations. It is also preferred to other models since it is able to deal with laminar and transitional flow patterns at the same time.
The governing flow equations for the fluid density as a function of temperature, conservation of heat, mass and momentum were expressed as follows:
Flow density:
(1)
Mass conservation equation:
Momentum conservation equation
The modelled transport equations for and are expressed as:
The generation of turbulence kinetic energy due to the mean velocity gradient in accordance with Boussinesq hypothesis [17] is given as;
In FLUENT and by default, the generation of turbulence dissipation energy due to buoyancy is neglected. , is therefore taken as zero in the dissipation ε-equation.
Other terms are given as;
; ; (modulus of the mean rate-of-strain tensor) and are constants. (10) In this flow model, the buoyant shear layers are perpendicular to the gravitational vector and therefore, = 0.
The model constants are given as;
The dissipation modelled energy equation is obtained as [18] ;
Where , and [19] are expressed as:
Boundary conditions and assumptions
The air flow and the temperature response were modelled for a steady state condition.
In this regard, the flow model for the winter season was calculated based exclusively on buoyancy generated by solar radiation. Fig. 3 shows the contours of static temperature profile within the DSF. There was an increase in temperature difference between the inlet and the outlet of the DSF which was attributed to accumulated heat and buoyancy effects. It demonstrates that the DSF is able to increase the inlet fresh air temperature by up to 15 °C whilst the overall room temperature could also reach an average temperature of 18 °C mainly due to the benefit of the internal heat gains.
Summer mode
In summer the outlet of the DSF is fully opened to enable trapped hot air to be evacuated. It does however appear that the flow rate at each level has to be re-balanced to avoid excessive temperature stratification in the building.
Experimental study
The factors affecting the performance of the double skin facade are the airflow rates and the temperature distribution in the cavity. For the benefit of validating the theoretical results, meteorological and operational data of the DSF were collected for January (being the coldest month in winter) and for July (being the hottest month in summer).
Meteorological data
An integrated weather station and a solar pyranometer (see For instance Kalyanova [20] applied the pressure difference, velocity and the tracer gas methods in an airflow measurement and found the latter two methods to be more reliable.
Kim et al. [21] also used velocity sensors to determine airflow rates in a double skin façade.
In this regard the velocity method (using a hot wire anemometer) was selected for this experimental study in measuring the air velocities at various locations as shown in Fig. 11 . recorded the highest velocity reading. Level 2 achieved the lowest and the most stable velocity readings mainly due to the fact that it has the largest cross sectional area in comparison with other sections within the DSF. As presented in Tab. 2 and with the exception of Level 2, it can be seen that the DSF is capable of supplying more than adequate fresh air into various areas through only one section of the inlet air dampers when compared with the design values in Tab. 3 . This means that all the three dampers would have to be opened at Level 2 in order to meet the design flow rate.
Air temperature
Thermocouples have proved to be popular for the measurement of temperatures in
DSFs. This is due to their high level of accuracy, proper measuring range, high linearity and the flexibility that they provide during installation. For instance, Appelfeld and Svendsen [22] applied T-type thermocouples to obtain the temperatures in a ventilated window system. Table 4 .
Summer mode Fig. 15 shows the temperature profiles at various levels within the DSF on selected days in July 2012. Even though there was some level of mixing between the return air from the rooms and the air in the cavity (as per the operational strategy), there was considerable evidence of overheating in the DSF which contributes to additional source of cooling load on the building. The results are summarised in Table 5 • The maximum temperature increase obtained was 4. 
